Due to limited numbers of antifungal drugs and emergence of drug resistance have directed to develop nonconventional therapeutic agents against fungal pathogen Candida albicans. In this study, anticandidal activity of chitosan silver nanocomposite (CAgNC) was tested against C. albicans. Minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC) of CAgNC were determined as 25 and 100 μg/ml, respectively. Electron microscopic image results confirmed the ultrastructural cell wall deformities and injuries caused by CAgNC. Propidium iodide (PI) penetration into the CAgNC treated cells could be considered as an evidence for loss of cell membrane integrity and cell death at MFC. Level of intracellular reactive oxygen species (ROS) was increased, while cell viability was decreased with the increased of CAgNC concentrations. In our protein profile results, several induced proteins were observed under CAgNC treatment, and they could be related to multidrug and stress resistant proteins such as CDR1 (55 kDa) and CaHSP70 based on the protein band size. CAgNC mediated cell wall damage, loss of cell membrane integrity, elevated ROS level, and associated oxidative stress have been identified as the main causative factors for the anticandidal activity. Overall results from our study indicated that CAgNC could affect negatively on physiological and biochemical functions of C. albicans suggesting CAgNC as a potential alternative for antifungal chemotherapy.
Introduction
The development of antifungal drug resistance is one of the major focuses in antifungal therapy. 1 Invasive candidiasis, caused by Candida albicans has been shown antifungal drug resistance against several anticandidal agents such as azoles. 2 Therefore, the development of novel therapeutics with greater potential has become a major concern, and many researchers are currently involving in developing broad spectrum, less toxic and low cost anticandidal agents. Silver (Ag) has a long history for its inherent antimicrobial activity, and it has been used in conventional medication for centuries. 3 Recently, silver nanoparticles (AgNPs) have been introduced as a comparatively less hazardous option in silver therapy. The antimicrobial properties of AgNPs have been studied against various microbes and the effectiveness as a potent microbial growth inhibitor has been proven. 4 Although clinical usage of AgNPs based products have been already established like wound dressing, 5 further research is required to investigate their potential medical applications. 6 However, more focus is needed in regulation of dose, drug formulations, route of administration, and systemic response to minimize the toxicity and side effects. 7 Effective drug delivery technique is necessary with broader safety considerations for further development of nanoparticle therapeutics. 8 Polymer embedded AgNPs have been shown superior characteristics such as increased stability, better dispersion 9 , reduced toxicity, and so forth. These properties make it more convenient in drug delivery. 10, 11 Cationic biopolymer chitosan has been produced by chemical deacetylation of natural polymer chitin. Chitosan has been shown as excellent matrix for metal nanoparticles. Moreover, tremendous properties of nanocomposites prepared with chitosan and various metals have been given a better scope for effective utilization of metal nanoparticles in biomedical applications. 12 In our previous study, we have shown the antibacterial activity of CAgNC against pathogenic bacteria.
13
CAgNC was given low critical concentrations compared to AgNPs, which have similar Ag content revealed the synergistic action of AgNPs in chitosan composite form.
14 Based on further in vitro experimental outcomes, CAgNC can be taken in to account as a good alternative compound to battle against pathogenic microorganisms, which are difficult to control by conventional antibiotics. 15 There are numerus evidences for inhibiting the in vitro growth of C. albicans with the treatment of AgNPs. 16, 17 In this study, antifungal activities of CAgNC were investigated using C. albicans as model fungi. To understand the functional role of CAgNC on morphological and physiological status of C. albicans, active concentrations (MIC and MFC), cellular necrosis and growth patterns, ultra-structural cellular deformities, level of ROS production and protein profiles were investigated. Overall results clearly indicate that CAgNC is a potential anticandidal drug to be developed in clinical level in future.
Materials and methods

Preparation of CAgNC and C. albicans culture conditions
CAgNC was prepared using chitosan (Showa, Japan) having 75-85% degree of deacetylation, as described in our previous study. 13 Briefly, 4 ml of freshly prepared 0.01 M AgNO 3 (Sigma Aldrich, USA) and 200 μl of 0.3 M NaOH (Biosesang, Republic of Korea) were mixed with 100 ml of 0.2% (w/v) chitosan solution while constant stirring at 95
• C. The a yellow color appeared about 1 min after addition of the NaOH solution, which indicated the formation of AgNPs. The reaction was stopped after 10 min, and the precipitate was filtered and washed with distilled water. The filtrate was dried and stored at 4
• C for further use. To investigate the anticandidal activity and its mode of action, C. albicans (KCTC 27242) was used as model fungi in this study. C. albicans cell culturing was performed by inoculating 1% overnight culture into fresh potato dextrose broth (PDB) and incubating at 30
• C for 24 h in shaking incubator. The cells were harvested by centrifugation at 3500 rpm for 15 min and washed with pH 7.4 phosphate buffered saline (PBS) followed by resuspension in PBS. Hemocytometer aid cell counts were taken from cell suspension obtained from 0.1 (10 6 cells/ml) to 1.0 (10 7 cells/ml) at OD 600nm . Diluted acetic acid (0.25% w/v) was used as the solvent for preparing CAgNC stock solution (5 mg/ml). Nystatin (final concentration of 5 μg/ml) was used as the positive control. CAgNC solvent (0.25% acetic acid) equivalent to the maximum volume used from CAgNC stock was used as the negative control in each experiment.
Analysis of CAgNC effects on C. albicans growth
Antifungal activity of CAgNC was investigated by liquid growth inhibition assay by dilution method as previously described. 18 Freshly inoculated culture was allowed to grow up to 10 6 cells/ml and separated in to several 20 ml volumes.
Then corresponding volumes from CAgNC stock solution (5 mg/ml) were added into separate tubes to obtain series of dilutions from 6.25 to 100 μg/ml as consecutive doubling manner. After 24 h, visible clear culture medium with minimum CAgNC concentration was taken as the MIC of CAgNC. The media with MIC and above concentrations were plated by 100 μl on PDA and incubated for two days. Minimum concentration which does not possess colonies was taken as the MFC of CAgNC. Growth rates of C. albicans under above mentioned concentrations of CAgNC were monitored at 3-h intervals to determine the growth curve profiles. 
Analysis of CAgNC on production of intracellular ROS in C. albicans
Effect of CAgNC on ROS production in C. albicans was analyzed using 2 ,7 -dichlorodihydro fluorescein diacetate (H 2 DCFDA), which is a cell-permeable florescent probe and general oxidative stress indicator. C. albicans cell suspensions (10 6 cells/ml) were treated with consecutively doubling CAgNC concentrations from 12.5 to 50 μg/ml and incubated at 30
• C for 3 h with shaking at 100 rpm. Then H 2 DCFDA was added into the cell suspension to maintain 30 μg/ml of final concentration and incubated for 30 min. Cells were harvested by centrifugation and re-suspended in 500 μl of PBS. Then, concentration dependent intracellular ROS generation of C. albicans was measured using the FACScaliber flow cytometer (Becton Dickinson, USA). C. albicans cell suspensions (10 6 cells/ml) were treated with 25 μg/ml CAgNC and incubated at 30 • C with shaking at 100 rpm. Then time-dependent intracellular ROS generation of C. albicans was measured hourly until 4 h.
Analysis of CAgNC effects on cell viability by MTT assay
Effect of CAgNC on viability of C. albicans was determined by colorimetric MTT assay. C. albicans cell suspensions (10 6 cells/ml) were treated with consecutively doubling CAgNC concentrations of from 6.25 to 50 μg/ml and incubated at 30
• C for 24 h while shaking at 100 rpm. Cells were allowed to react with 20 μl of MTT (5 mg/ml in PBS) for 30 min and collected by centrifugation at 4
• C for 5 min. The formazan residues produced by live cells were dissolved in DMSO. Cell viability was evaluated by comparing the amount of formazan in samples by measuring the OD at 570 nm.
Analysis of CAgNC effect on protein expression by SDS page
SDS-PAGE analysis was carried out to investigate the CAgNC mediated protein expression in C. albicans. Cell suspensions (3 ×10 6 cells/ml) were treated with 25 μg/ml and 100 μg/ml of CAgNC concentrations and incubated for 12 h. Cells were collected by centrifugation and resuspended in 750 μl of PBS. Cell samples were sonicated (Sonics vibra-cell R -VCX750) at 750 W, 20 kHz for 1 min. The sonicated samples were centrifuged (Centrifuge -Hanil R Micro 17TR) at 12000 rpm at 4
• C for 10 min. Supernatant (500 μl) was collected from each samples as it contains soluble proteins and 20 μl from each protein solution was mixed with 20 μl of 2× sampling buffer. Samples were heat denatured by keeping them in 100
• C heat block for 10 minutes. Finally, band polymorphism was analyzed by electrophoresis on 12% SDS-PAGE followed by silver staining.
Statistical analysis
Statistical analysis was carried out by using one-way ANOVA after Dunnett's multiple comparison test. P values were considered as significant at P < .05.
Results
Effects of CAgNC on C. albicans growth
To understand the antifungal effects of CAgNC, we first monitored the growth profiles of C. albicans under treatment concentrations from 6.25 to 100 μg/ml as a consecutive doubling manner. Adding of CAgNC into the growing media did not affect to the pH level of medium. Inhibition of fungal growth was significantly higher in CAgNC (25, 50, and 100 μg/ml than 6.25 and 12.5 μg/ml) treated cells after 24 h (P < .05). Figure 1 shows the time series antifungal activity of CAgNC against C. albicans. The exponential growth of C. albicans was first appeared at 3 h postinoculation and then continued until 9 h in the untreated sample. After 9 h it reached the stationary phase and continued throughout the experimental period (24 h) without declining. MIC of CAgNC was 25 μg/ml. Treated concentrations below the MIC levels (6.25 and 12.5 μg/ml) were not affected to growth of C. albicans and showed a dense whitish suspension in the growing media. Growth patterns of treated samples below the MIC level were slightly higher than the control. In contrast, cells treated above the MIC levels (50 and 100 μg/ml) were shown complete inhibition of C. albicans. MFC of CAgNC was 100 μg/ml. The complete growth inhibition of C. albicans was shown with nystatin (5 μg/ml) as positive control.
Changes of C. albicans cell morphology by CAgNC
We observed the cellular deformities of C. albicans against concentration dependent CAgNC by ultra-structural analysis of the cells using FE-SEM. Compared to control cells, there was no clear deformity in the CAgNC treated cells up to MIC level ( Fig. 2A and 2B ). However, very clear cell wall deformities were appeared in CAgNC treated samples at 50 μg/ml (Fig. 2C ) and at 100 μg/ml (Fig. 2D) . The C. albicans treated with CAgNC have lost their structural integrity and disintegrated in the medium. It was indicating that ruptured cells have been leaked out their cellular contents at concentrations greater than MIC. In order to compare the effects of CAgNC on cell surface characteristics, we observed the cell surface morphology of C. albicans under higher magnification (×100k). Cells at MFC level showed the formation of nodule/granule like structures with diameter around 50 nm on their outer cell walls (Fig. 2F) , while the cells in control shows a smooth cell surface (Fig. 2E) . Moreover, FE-SEM images taken at the MIC level showed the yeast-hyphal transition by displaying the formation of pseudo hyphae (Fig. 2H) . However, there was no formation of pseudo hyphae at control (Fig. 2G ), lower and higher concentrations than MIC (data not shown).
Effects of CAgNC on cell membrane damage
CAgNC treated and untreated C. albicans cells were stained with PI to investigate the cell membrane disruption. PI penetrates into cells which have severe membrane damage. Our results showed that 100% and 50% of the yeast cells had PI penetration when treated at MFC and MIC levels, respectively. In contrast, untreated cells showed less than 10% PI penetration and did not show any membrane disruption, which directly corresponds to the growth of cells. We observed the daughter yeast buds arisen from yeast mother cells which remain attached together as a cluster in each treatment conditions (Fig. 3) . Dead C. albicans cells found in control sample have reduced their budding number up to 1 or 2. When cells are dying, both mother and daughter cells have died together as a unit in the control sample (Fig. 3A) . Interestingly, both dead and living cells were found in a same cluster of cells indicating both survival and gradual dying process at the MIC level ( Fig. 3B) . At the MFC level, all the observed cells were died (Fig. 3C) .
Effects of CAgNC on intracellular ROS production and cell viability
To understand the physiological behaviors of C. albicans under CAgNC, intracellular ROS production was investigated. H 2 DCFDA assay results revealed that CAgNC generate higher ROS level in dose and time-dependent manner. ROS production was gradually increased in concentration dependent manner (Fig. 4A) . Under time series analysis of ROS production (at MIC level), it reached the peak level at 3 h and then decreased (Fig. 4B) . In MTT assay, C. albicans exposed to CAgNC showed the concentration dependent reduction of cell viability with all the tested range compared to that of control (Fig. 4C ). Comparison of logarithmic values of both flow cytometry and MTT assay data clearly demonstrated that CAgNC dependent raised ROS production and reduction of cell viability (Fig. 4D ).
Effects of CAgNC on protein expression in C. albicans
To investigate the effects of CAgNC on protein expression in C. albicans the whole cell proteins and soluble protein fraction (PBS at 7.4 pH) have been evaluated. Protein profiles were analyzed in three levels of CAgNC treatments, namely, (i) proteins extracted from control (without CAgNC), (ii) MIC (25 μg/ml), and (iii) MFC (100 μg/ml). About 40 distinct whole cell protein bands were identified in the Coomasie brilliant blue stained gel (data not shown). However, identification of polymorphism was difficult due to dense banding pattern. Then the soluble protein profile was lightly stained with the Coomasie brilliant blue and number of detected bands was low; therefore, silver stain was carried out. A series of protein bands were observed on the gel after the silver staining (Fig. 5) . The banding pattern expressed higher polymorphism ranging from 14.3 kDa to 97.2 kDa. Many proteins exhibit a treatment concentration dependent down-regulation of band strength. Molecular weights of these bands were displayed throughout the protein profile and the visibility of these bands was greatly reduced at the MFC level. Only two proteins showed upregulation of band strength according to concentration dependent manner. The approximate molecular weights of up-regulated proteins were estimated around 55 kDa and 70 kDa.
Discussion
In this study, the CAgNC was tested for its antifungal activity against C. albicans. There was a distinct reduction of cell growth C. albicans when treating with CAgNC. The MIC of the CAgNC was determined as 25 μg/ml, which is comparatively lower than the previously reported values of chitosan (1.25 mg/ml) 19 and AgNPs (50-100 μg/ml) with particle size of 50 nm in diameter. 20 The cationic imbalance involves altering the cellular membranes and raising the osmotic pressure within the cell. Elevated intracellular pressure may cause the leak out of cell content or cell burst. There is evidence for interaction ability of AgNPs with C. albicans cell walls. 21 It was reported that cationic chitosan component of CAgNC may enhance the activity of AgNPs due to ionic attraction to the negatively charged cell walls. 22 FE-SEM result provides detail view of physical condition, cellular surfaces and damage, which can support to understand the effect at greater extent. At the higher concentration of CAgNC such as MFC, cell membrane integrity may greatly loss due to possible cationic imbalance. C. albicans cell wall exhibits a high degree of cell wall flexibility in various stress conditions. The rapid increase in cell wall thickness is predicted to involve compression of β-glucan coils and sliding of chitin over one another. 23 FE-SEM images taken at higher magnification (×100 k) showed formation of 50 nm nodule like structures in their outer cell walls of the cells in MFC level. This may be due to changes in cell wall components such as chitin and β-glucan due to the effect of CAgNC. Initially it affects the cell walls and disrupts the cell wall integrity. Walker et al. (2013) have reported that yeast cells inherently adopt for survival by structural changing and strengthen of the cell walls. 24 Formation of pseudo-hyphae was observed in several cells at MIC level of CAgNC, which is characteristic of C. albicans, indicating that it is in some stress conditions as reported by Dantas and his group. 25 The pseudo-hyphae formation did not occur in the control and the concentrations below MIC, which may be due to lower stress conditions. Formation of pseudo-hyphae cannot be expected at the MFC level due to cell death under lethal CAgNC concentration. Even though cell proliferation has stopped at MIC level, cellular activities can be probable in certain circumstances such as the yeast-hyphae transition and the growth of pseudohyphae. The PI uptake is associated with the occurrence of substantial damage to the membrane, indicating alteration of cell membrane potential. On the other hand, when the cells are compromised and membrane porosity is developed, PI could enter the cell and bind to DNA, which indicates red fluorescence. Live cell membranes are impermeable to PI, while only membrane damaged cells can be stained with PI, which can differentiate dead cells from living cells. 26 Illuminating the cells with PI staining provides the evidence for the fully necrotization at the MFC level and partial surviving at the MIC level. At MIC, survived cells may have stopped their growth due to fungistatic properties of CAgNC. When the level of CAgNC is lowered in the media due to various factors such as precipitation and degradation, the dormant yeasts can re-attain their natural growth and reproduction. Thus PI staining clearly demonstrates the growth inhibitory properties and the necrotic effects of CAgNC on C. albicans. During cell senescence, they become larger and their reproduction rate is reduced. 27 Although dying of aged cells in colony edges are spontaneous, mass cell deaths occur under toxic conditions. 28 Therefore, the reason for cell death in the control sample can be suggested as the aging or any natural defect associate with the cells. When cells undergo death under MIC condition, no reduction of budding was observed. In each cluster, 3-5 cells were observed still attached to the mother cells. Both dead and living cells were found in a same cluster of cells, indicating the gradual dying Step 2: Losing of ionic balance results the further efflux of K + from the cell.
Step 3: K + influx inefficient due to displacement of K + far from the membrane.
Step 4: Cell membrane become hyperpolarized.
Step 5: Cationic influx and anionic efflux. Influx contains many extracellular cations and Ag + traces.
Step 6 process at the MIC level. Dying clusters with high number of cells may indicate the acute effect of the treatment. It has been described that ROS such as superoxide anions, hydrogen peroxide, hydroxyl radicals contribute to the cell death of C. albicans via oxidative stress, which causes various damages to macromolecules such as DNA, RNA, and protein and other cellular components. 29 To understand the possible effects of CAgNC on oxidative stress induced cell death, the production of ROS was investigated. Our result clearly shows that CAgNC treatment generates the higher ROS level in the concentration-dependent manner, which may be one of the key reasons for the death of C. albicans. However, gradual reduction of ROS after 4-h treatments is possible with the decrease of cellular vigor due to prolong exposure to CAgNC.
Many studies have been conducted to understand the possible link between antifungal exposure and multidrug resistance (MDR) associated with expression of drug resistant genes or related proteins. As an example CDR1, CDR2, CaMDR1 genes have been shown to involve in fluconazole resistance. 30 Heat shock protein 70 (CaHSP70) is one of the most common and well-studied stress protein of C. albicans. CaHSP70 is a highly immunogenic protein, and it has shown up-regulation during various stress conditions. 31 In our protein profile results, several induced proteins were observed under CAgNC treatment, and they could be related to multidrug and stress resistant proteins such as CDR1 (55 kDa) and CaHSP70 based on the protein band size. On the other hand, 12 proteins bands displayed a suppression of protein level (compared to the control) with concentration dependent treatment of CAgNC. These bands were dispersed throughout the protein profile, and the visibility of these bands were greatly reduced the highest CAgNC concentration (MFC). Chitosan component of the CAgNC is a cationic polyelectrolyte which interacts with proteins and form complexes. These complexes have low solubility and precipitate in the medium. 32 Because of this interaction, most anionic proteins may not be able to come in to the soluble fraction of the protein. This effect is enhanced with the increasing CAgNC concentration. Therefore, even CAgNC dependent down-regulation protein expression of C. albicans was expected, it cannot be distinguished with the above effect. In this study, the mode of action of CAgNC was not fully uncovered. But it can be hypothesized up to a certain extent with the results obtained from this study (Fig. 6) . CAgNC is composed with two components: the chitosan scaffolds and the embedded 50 nm AgNPs. Polycationic chitosan scaffolds can bind with negatively charged C. albicans cell walls as described by Ruiz-Herrera. 33 Binding of cationic chitosan produces the displacement of the K + on the cell surface and losing of ionic balance, which leads to the further efflux of K + from the cell. The efflux of positively charged K + results in hyperpolarization of the plasma membrane. It was confirmed that hyperpolarization of the plasma membrane greatly increases the uptake of cations to balance the membrane potential. 34 It is generally known that spontaneous ionization and gradually releasing of the Ag + from AgNPs. 35 This Ag + traces flowing in to the cell with the cationic influx generated due to hyperpolarized cell membrane. After entering Ag + in to the cells, various Ag related catastrophes may have taken place such as interfering metabolic pathways by inhibiting enzymes and binding with macromolecules such as nucleic acids. 36 Ag can penetrate in to the mitochondria and interfere with mitochondrial respiration. This may increase the mitochondrial ROS level more than its threshold. The elevated oxidative stresses lead to oxidize the mitochondrial macromolecules. At the same time diffused ROS damage the intracellular components such as cellular organelles, cell membrane, and nucleic acids, which ultimate lead to cell death.
In conclusion, AgNPs embedded chitosan based CAgNC affects negatively on C. albicans growth. We confirmed that cumulative effects of CAgNC is associated with changing the structural integrity of cell membrane, which can lead to increase of the cell membrane permeability and loss of cellular content. Moreover, CAgNC promotes the ROS production, which may accelerate the inhibition of protein expression and thereby causing the cell death at higher concentrations of CAgNC. Therefore, application of low toxic concentration of AgNPs in chitosan matrix in the composite form (CAgNCs) is a much superior antifungal agent in comparison to the use of chitosan and AgNPs alone. This study reveals that CAgNC as a potential alternative to anti-fungal drugs and possibility to apply for antifungal chemotherapy.
